Several studies have attributed deterioration of sound localization in the horizontal (azimuth) and vertical (elevation) planes to an age-related decline in binaural processing and high-frequency hearing loss (HFHL). The latter might underlie decreased elevation performance of older adults. However, as the pinnae keep growing throughout life, we hypothesized that larger ears might enable older adults to localize sounds in elevation on the basis of lower frequencies, thus (partially) compensating their HFHL. In addition, it is not clear whether sound localization has already matured at a very young age, when the body is still growing, and the binaural and monaural sound-localization cues change accordingly. The present study investigated sound-localization performance of children (7-11 years), young adults (20-34 years), and older adults (63-80 years) under open-loop conditions in the two-dimensional frontal hemifield. We studied the effect of age-related hearing loss and ear size on localization responses to brief broadband sound bursts with different bandwidths. We found similar localization abilities in azimuth for all listeners, including the older adults with HFHL. Sound localization in elevation for the children and young adult listeners with smaller ears improved when stimuli contained frequencies above 7 kHz. Subjects with larger ears could also judge the elevation of sound sources restricted to lower frequency content. Despite increasing ear size, sound localization in elevation deteriorated in older adults with HFHL. We conclude that the binaural localization cues are successfully used well into later stages of life, but that pinna growth cannot compensate the more profound HFHL with age.
INTRODUCTION
To locate a sound source in azimuth (the horizontal plane), the auditory system relies predominantly on interaural time differences (ITDs, for frequencies up to about 1.5 kHz) and interaural level differences (ILDs, above 3 kHz; Blauert 1997). As a result of this duplex binaural encoding principle, most audible sounds can be localized in azimuth. Localization in elevation (the vertical plane) results from the direction-specific reflections of sounds by the head, torso, and pinnae. The corresponding spectral-shape cues, known as the headrelated and directional transfer functions (HRTFs and DTFs, respectively, see "Methods" for explanation), are specific for an individual's ear morphology and fall in the range of about 4-12 kHz (Batteau 1967; Middlebrooks and Green 1991) . Broadband (BB) noises can be accurately localized in the vertical plane, because at changing elevations, the brain can dissociate the different DTFs. In contrast, pure tones and narrow-band noises do not provide sufficient spectral-shape information (Middlebrooks 1992 ).
Younger listeners
The ability to localize sounds in azimuth appears to be present already at a young age but is difficult to measure (infants 26-30 weeks: Ashmead et al. 1987; infants 8-28 weeks: Morrongiello 1988 ; children 4-9 years: Van Deun et al. 2009; Lovett et al. 2012) . The experimental setups commonly used to test directional hearing performance of children typically present sound sources in a playful manner, for example, with a cartoon above the speaker (Van Deun et al. 2009 ). Typically, such tests employ a limited number of sound sources at fixed locations (often visible during or in between trials), yielding low spatial resolution of the measurements and the potential confound of memorization, rather than localization, of sounds. To avoid such limitations, we here ensured that children (7-11 years old) could only rely on acoustic information to localize sound sources in two-dimensional space. To our knowledge, such experimental conditions have so far not been applied to test the performance of children younger than 12 years of age.
Older listeners
In older adults (in our group above 63 years of age), hearing loss at higher frequencies is more pronounced than at lower frequencies. Typically, frequencies below 2 kHz are only mildly affected, while above 8 kHz, hearing thresholds for listeners above 50 years of age can increase to 45 dBHL, or poorer (Brant and Fozard 1990) . As a result, older participants can hear most acoustic stimuli in their daily environment with both ears and may be able to localize sound sources in azimuth based on the audibility of low frequencies, but listeners with more severe high-frequency hearing loss (HFHL) would miss the high-frequency spectral pinna cues that discriminate different elevations.
Studies using ear biometrics for subject identification indicate that pinna morphology is as unique as fingerprints (Burge and Burger 1997) . Typically, the DTFs contain a prominent spectral notch between 4 and 12 kHz; the location of which depends on size and shape of the concha (Lopez-Poveda and Meddis 1996) . The height of the concha cavum ( Fig. 1 ) was reported to be the best (single) predictor for the frequency notch at 0°in elevation (Algazi et al. 2001) . Interestingly, the pinna, in particular its concha height, keeps growing throughout life (Heathcote 1995; Niemitz 2007) . As a result, the reflective pathways into the ear canal gradually lengthen, thereby shifting the major spectral notches to lower frequencies. If the auditory system would adapt to this slowly changing spectral-shape input, it might allow a listener with a larger concha to localize sound sources in the vertical plane by using relatively lower frequencies. Indeed, the adult human auditory system is capable to adapt to prominent changes in the DTFs in the course of days to weeks Van Wanrooij and Van Opstal 2005) . As a consequence, older adults with larger ears might be able to localize sounds in elevation that subjects with smaller ears (e.g., children) cannot localize.
Several studies have reported a decline in localization performance with advancing age, not only for vertical (Noble et al. 1994; Rakerd et al. 1998; Abel et al. 2000; Dobreva et al. 2012 ) but also for horizontal (Abel and Hay 1996; Dobreva et al. 2011) locations. The latter study suggested that this is caused by a central age-related deficit, resulting in an inability to use the ITDs. Several other studies have indicated an age-related decline for acoustic temporal processing (Strouse et al. 1998; Ross et al. 2007) . MEG and EEG studies into the central processing of speech cues (Schneider and Pichora-Fuller 2001; Tremblay et al. 2003) have reported age-related factors affecting neural synchrony in humans, which could potentially underlie the deteriorated sound-localization abilities. However, speech cues arguably require higher processing levels in the auditory pathway than soundsource localization. It is unclear whether subcortical stages in the auditory system, which are known to process the sound-localization cues, like the superior olivary complex, dorsal cochlear nucleus, and inferior colliculus (Yin 2002; Young and Davis 2002; Zwiers et al. 2004 ) may be affected in older adults.
The present study investigated whether age-related HFHL and ear morphology affect sound-localization performance in azimuth and elevation. We presented four BB noises with different bandwidths to investigate whether larger ears would result in a functional benefit. We compared listeners from three age groups: children (7-11 years of age), young adults (20-34 years old), and older adults (63-80 years of age), all exposed to the same open-loop head-movement localization paradigms. 
METHODS

Subjects
A group of 18 children (7-11 years; mean±sd: 9.5± 1.3 years), 10 young adults (20-34 years; averaging 24.9±4.9 years), and 14 older adults (63-80 years; averaging 68.4±4.7 years) volunteered to participate in our experiments. Listeners were included in this study when they reported to have no hearing complaints, and did not require a hearing aid. All listeners were naïve about the purpose of the experiment and setup. The children participated because they joined a school project and could decide in which experiment(s) they wanted to participate (DTF measurement, audiogram, and/or sound-localization experiment).
Hearing loss
We measured the hearing thresholds of all young adults and older adults. 
Ear size
To measure the ear sizes indicated in Figure 1 , we digitally analyzed pictures of all subjects' ears using Matlab. A ruler in the picture provided a 5.00-cm reference. Figure 1 shows the measures that were taken: ear size, concha width, and concha height.
Directional transfer functions
We measured the DTFs of the young adults, older adults, and five children. Following the procedure described in Bremen et al. (2010) , we sampled 58 locations in the frontal median plane (from −57.5 to 85°in elevation, for both ears) three times and averaged across identical locations to compute the raw HRTFs. Subsequently, the raw HRTFs were divided by the measured transfer functions of the microphones and speakers for calibration. Spectral features that are the same for all locations are assumed to contain no important directional cues, and were therefore removed from the calibrated HRTFs. Subtracting the average HRTF across all locations eliminated the so-called common transfer function and yielded the DTFs as a function of elevation (Cheng and Wakefield 2001) . Using Matlab, the location of the prominent spectral notch (see "Introduction") was obtained by finding the frequencies, f −40 and f +40 , at which maximum attenuation occurred at ±40°in elevation, and the straight line through these two points determined the typical spectral notch f 0 for E00°at:
Apparatus Sound-localization experiments were conducted in a completely dark room with dimensions widthÂ length Â height ¼ 2:45 Â 3:5 Â 2:45m 3 . The room was acoustically treated to absorb frequencies down to 500 Hz, and it was isolated to a background noise level of 20 dBA. Horizontal and vertical head movements were measured using the search-coil technique via a custom-made coil mounted on an adjusted lightweight plastic spectacle frame, worn by the subject (Agterberg et al. 2011) . Three pairs of coils were attached to the opposing walls, floor, and ceiling to generate oscillating magnetic fields required for the search-coil technique. The subject was seated in a comfortable chair with the head in the center of the room, and could freely rotate the head. A thin, lightweight aluminum rod and laser were mounted on the spectacle frame. The laser projected a small, dim red dot onto a 1-cm 2 black plate at the end of the rod at 31 cm, positioned in front of the subject's eyes. Lining up this laser dot with a central LED on the wall defined the origin of the azimuth-elevation coordinate system for all subjects (0°in azimuth and elevation). The laser dot also provided a natural head-fixed visual pointer to direct the head at perceived sound locations during the experiment. The sound stimuli were provided by any of 58 broadrange loudspeakers (Monacor MSP-30) mounted on a motorized circular arch. The arch could be rotated to any angle in azimuth (precision better than 0.1°), whereas the different speakers on the arch provided the variation in elevation (at a spatial resolution of 2.5°; see also Van Grootel and Van Opstal 2009 ).
Stimuli
Acoustic stimuli were digitally generated in Matlab (R2012a, The Mathworks, Inc., Natick, MA, USA) using random sampling from a Gaussian distribution and were presented using Tucker-Davis RP2.1 System3 hardware (Tucker-Davis Technologies, Alachua, FL, USA), with a sampling rate of 48.828 kHz. Stimuli were stored off-line as wav-files. After attenuation by custom-built amplifiers, the stimulus was sent to the selected speaker on the arch. Four different BB Gaussian white noises were presented during the experiment. Stimuli had an overall intensity of 55 dBA (meter: Brüel & Kjaer 2260, with calibrated microphone: Brüel & Kjaer 4091, located at the center of the arch), were high-pass filtered at 0.5 kHz, and low-pass filtered at 5, 7, 11, or 20 kHz (zero-phase FIR filter with a Hamming window of order 50). To measure the spectrum of the noises, intensity measurements were performed at 0.25, 0.5, 1, 2, 4, 8, 10, and 12.5 kHz (in 1/3 octave bandwidths). For this purpose, noise stimuli were generated with a duration of 10 s, and the measured sound pressure levels were expressed in dBHL, following the norm NEN-ISO 389-7 (1996) . The resulting spectrum is presented in Figure 2 .
For the young and older adults, each different stimulus was presented 24 times, yielding 96 randomly distributed locations which were presented in pseudorandom order in the two-dimensional frontal hemifield. The target range spanned [−75°, +75°] in azimuth and [−55°, +55°] in elevation. For the children the 0.5-5 kHz stimuli were omitted. Therefore children localized a total of 72 stimuli. When desired, the stimuli were divided into two shorter experimental runs of 24 and 48 trials, respectively. The duration of stimuli was 150 ms, which ensured that the reaction (head saccades towards the sound source) always started after stimulus offset, which denied listeners potential acoustic feedback during their responses.
Sound localization
To become acquainted with the setup, the 15 children who elected the localization experiment, all young and older adults, were first presented with a visual calibration run that enabled the off-line calibration of the head-mounted search coil. The calibration runs demonstrated that listeners had no problem (motoric or otherwise) to point to the stimulus location with their head. We then presented a small set of acoustic stimuli to verify that the listener understood the task to point with the head-fixed laser dot to the sound source, instead of just looking with the eyes. Subsequently, the experiment started and the subject was asked to localize the 72 or 96 sounds. A trial was initiated when the subject pressed a button after lining up the red laser dot with the central LED on the wall. We gave no explicit feedback about performance during or between the experiments, only verbal encouragements.
Data analysis
Sound-source locations were described in the doublepole coordinate system of Knudsen and Konishi (1979) . The angular coordinates (azimuth, α, and elevation, ε) are defined relative to a horizontal and vertical plane through the center of the upright head. Azimuth is the horizontal angular deviation from the midsagittal vertical plane, while elevation is the vertical angular deviation from the horizontal plane. We used 17 visual fixation points and final raw headposition signals from the calibration experiment to train two three-layer neural networks that served to calibrate all subsequent head-movement data, using an algorithm based on the Bayesian regularization method (Matlab; The MathWorks). The networks corrected for small inhomogeneities in the magnetic fields and could adequately cope with minor cross talk between the channels, resulting from small deviations from orthogonality of the magnetic field coils. The trained networks were subsequently used to map the raw data to calibrated 2D head positions. Although the number of visual calibration points was limited, the absolute errors of calibrated head positions never exceeded 5 % of the real azimuth and elevation angles over the entire measurement range.
We analyzed the azimuth and elevation responses separately for the four stimulus conditions and for each listener. We determined the best linear fit (in the mean-squared error sense) of the target-response 
FIG. 2. Clinical measurements of the participants' hearing thresh-
olds with the average value surrounded by the standard error of the mean. In black the older adults, young adults in red and the children in blue as indicated in the figure. In addition, the spectrum of BB noise is presented. Note that the intensity of the 0.5-5 kHz and 0.5-20 kHz noise stimuli are 55 dBA (over the entire frequency range) and plotted as dotted lines, up to 5 and 12 kHz, respectively. The spectrum was measured in 1/3 octaves and converted to dBHL. relationship on the data for the different stimulus conditions:
in which α T is the target's azimuth angle (in degrees) and ε T the target's elevation angle (in degrees), b is the response bias (in degrees), g the response gain (dimensionless). We also determined the correlation coefficient (r), F and corresponding p value for the full model, and t and p values for the regression coefficients (b and g). Localization performance was also quantified by determining the mean absolute error (MAE) of the azimuth and elevation responses per stimulus condition according to
with N the number of trials (Van Wanrooij and Van Opstal 2007) . Figure 2 shows the averaged audiograms for five children (0.125-8 kHz), all young adults (0.125-12 kHz), and older adults (0.125-12 kHz). Clearly, older adults suffered from a significant hearing loss in the higher frequencies (4, 8, and 12 kHz). Four older adults had an asymmetric hearing loss of 15-20 dB between the left and right ear in the high frequencies. Figure 2 also presents the spectrum of the 0.5-5 kHz and 0.5-20 kHz noise bursts, with an overall intensity of 55 dBA. The sound level for the 0.5-5 kHz noise burst was 7.9 dBHL at 8 kHz.
RESULTS
Hearing loss
Ear size
Figure 3 demonstrates an increase in pinna size and concha height with advancing age in our group of listeners. The older adults had an average pinna size of 7.5 cm, which is 1.1 cm longer than the average pinna size in the young adults' group (unpaired, twotailed, t test, t 23 0 5.8, P G 10
) and 1.5 cm larger than the average pinna size in the children's group (t 28 0 8.7, P G 10
−4
). The average concha height in the older adults was 2.9 cm, which is 0.4 cm larger than the average in the young adults' group (t 23 0 3.6, P G 0.01) and 0.6 cm larger than the average in the children's group (t 28 0 6.8, P G 10 −4 ). The concha width shows no significant difference in size between age groups (between children and older adults: t 28 0 1.4, P 0 0.16). These results concur with earlier reports by Niemitz (2007). Figure 4 shows a picture of one ear (left column), transfer functions at ±40°elevation (center column), and the DTFs (right column) for a child ( Fig. 4A ; K7: 9 years old), a young adult ( Fig. 4B ; YA1: 22 years old), and for an older listener ( Fig. 4C ; E2: 80 years old). The DTF panels show that different frequencies (xaxis) are attenuated or amplified at different elevation angles (y-axis) due to the differences in size and shape of the pinna (relative intensities indicated by color). The prominent spectral notch (see "Introduction") of the young adult (Fig. 4B ) runs between 6 and 11 kHz for elevation localizations from −40°to +40°, whereas in the older listener (Fig. 4C) , the notch is shifted toward lower frequencies, between 5 and 8 kHz for the same elevations. The figure of the child (Fig. 4A) shows the spectral notch between 6.4 and 8.3 kHz but there is an even larger attenuation at 12.7 kHz resulting in a second prominent notch below 16 kHz; this pattern was also found in the other four children DTFs. In the older adults, something similar can be seen but far less prominent. Table 1 provides the data for the spectral notch at ±40°in elevation for five children (both attenuations at +40°in elevation are provided), all young adults, and older adults.
Directional transfer functions
The location of the prominent spectral notch at 0°i n elevation has been reported to correlate with concha height (Algazi et al. 2001) , where a larger concha results in a spectral notch in the lower frequency range. Linear regression, however, showed no significant correlation between concha height and spectral notch at 0°in elevation in our data (t 17 0 −1.0, , and older adults (gray). Significant differences after unpaired two-tailed t test displayed with one or more asterisks. P 0 0.34). However, our data did yield a significant relationship between concha height and the spectral notch at more extreme, especially lower, elevations (for −40°in elevation t 17 0 −2.2, P G 0.05). Comparing our data with the CIPIC database (Algazi et al. 2001 ) also shows a significant relationship between concha height and the spectral notch at the same elevation (for −40°in elevation t 54 0 −5.0, P G 10 −4 ). Figure 5A , B show a typical example of a localizing head saccade of child C11 (9 years old) as location versus time (Fig. 5A) , as well as its spatial trajectory in azimuth-elevation coordinates (Fig. 5B) . The subsequent stimulus-response relations for all localization responses to the 0.5-20-kHz BB noise bursts of this subject are displayed in Figure 5C for azimuth, and in Figure 5D for the elevation direction. The linear regression analysis demonstrates accurate (high gain) and precise (low variability) localization performance in azimuth (g 0 1.1, b 0 −0.07, r 0 0.96). Localization in elevation yielded a slightly lower gain than for azimuth (here: g 0 0.83, b 0 1.8, r 0 0.95), but responses were quite consistent. Note that perfect localization would mean that all individual responses would be exactly on the diagonal with slope +1.0. Figure 6 summarizes azimuth localization performance for all stimulus conditions for the children (a), young adults (b), and older adults (c). Localization responses were pooled across stimulus conditions. This figure demonstrates accurate and precise localization in azimuth (high gains, biases close to 0°, and high correlation coefficients) for all three subject groups. Figure 7 shows the MAE (Eq. 3) in azimuth (lefthand panels) and elevation (right-hand panels) against concha height for each individual listener in the four BB conditions. The amount of HFHL is averaged for both ears for the frequencies 4, 8, and 11 kHz and is indicated by color (in dBHL). The symbol shape indicates whether the MAE was obtained from children (squares), young adults (circles), or older adults (diamonds). Children with unknown audiograms are plotted with the average hearing levels of the measured children. Linear regression on the MAE of all listeners with a hearing loss below 50 dBHL for left or right ear at 11 kHz (indicated by the blue squares, circles, and diamonds; N 0 28) shows that azimuth localization performance is independent of concha height. Furthermore, the data indicate that listeners with a high HFHL (indicated by the warmcolored diamonds with cross; N 0 11) performed equally well as the other listeners (i.e., low MAEs).
Localization response
Azimuth localization
Elevation localization
Panels b, d, f, and h (Fig. 7) quantify the relation between concha height, age group, and averaged HFHL versus the measured MAE in elevation for the four different stimuli (same format as the azimuth data). Panel b shows the poor elevation performance for BB noises that only contain frequencies up to 5 kHz. When stimuli also contain higher frequencies (Fig. 7D, 7 ) subjects with limited hearing loss and with larger ears start to improve their localization responses (four older adults, and two young adults in Fig. 7D ), whereas subjects with smaller ears (especially found among the children) improve less, or not at all. Panel h shows that the latter group only yields good localization performance when stimuli also contain the highest frequencies. Furthermore, panel h indicates no significant improvement in elevation localization for the older adults with significant HFHL (warm colors and crosses) even for the largest-bandwidth sounds (0.5-20 kHz). For the 0.5-11-and 0.5-20-kHz BB noises, subjects with HFHL from 30-40 dBHL and higher do not receive sufficient high-frequency information to enable localization in the vertical plane. Their hearing loss is situated in the 4-11-kHz region, which is the most informative region of the DTFs (see Table 1 ).
Linear regression on the MAEs versus concha height for listeners with hearing loss better than 50 dBHL at 11 kHz (blue circles and diamonds without "X") shows that elevation performance is independent of the listener's concha height in the 0.5-5-and 0.5-20-kHz conditions. Interestingly, the significant slope of the regression lines in the 0.5-7-kHz (panel d) and 0.5-11-kHz (panel f) conditions (t 26 0 −3.19, P G 0.01 and t 26 0 −3.48, P G 0.01, respectively) indicate that listeners with larger conchas and limited HFHL were all subjects plotted against their concha height in cm for the 0.5-5-, 0.5-7-, 0.5-11-, and 0.5-20-kHz conditions. The children's data is plotted in squares and the young adults in circles. The diamonds indicate the older adults. The color represents average HFHL in dBHL as shown in the colorbar. The HFHL is an average of the hearing levels of both ears for 4, 8, and 11 kHz. Data which are not included in the regression due to significant HFHL (950 dBHL at 11 kHz) are indicated with a "X".
able to localize the band-limited stimuli more accurately than (younger) listeners with smaller conchas.
For the 0.5-20-kHz condition, the MAEs in elevation were the lowest of all four sound bandwidths, although they were still slightly larger than the MAEs in azimuth (cf. Fig. 7 G, H) . This is further corroborated when comparing the gains and correlation coefficients for this condition in azimuth and elevation (see Table 1 ).
DISCUSSION
Azimuth localization
Our results demonstrate that despite significant HFHL, older adults were able to accurately localize sounds in the azimuth direction. Our data therefore suggest that the use of binaural sound-localization mechanisms in our group of older adults has not deteriorated. These results contrast with Dobreva et al. (2011) , who reported reduced localization performance in the horizontal plane with advancing age. Furthermore, this is the first study to demonstrate accurate sound-localization performance under openloop conditions in a completely dark environment by children from 7 to 11 years of age. Our results thus extend and better quantify observations from earlier studies (Van Deun et al. 2009; Lovett et al. 2012 ).
Elevation localization
Interestingly, older adults with large ears and a limited HFHL demonstrated a statistically significant improvement in their elevation localization abilities for the limited-bandwidth noises (0.5-7 kHz and 0.5-11 kH; panels D and F, Fig. 7 ), although none of them could accurately localize the 0.5-5 kHz stimuli in elevation (panel B, Fig. 7 ). Subjects with smaller ears (especially children) demonstrated less accurate elevation performance in the 0.5-7-and 0.5-11-kHz conditions, when compared to the listeners with larger ears (especially young and older adults) and limited hearing loss. The children's localization performance for the 0.5-20 kHz stimuli was as well as for the young and older adults with the smallest HFHL. We conclude that larger ears significantly, but not completely, compensate for the hearing loss at higher frequencies.
Although the stimulus-response correlations were typically high for stimuli with the highest frequency content (the 0.5-20-kHz condition), the elevation gains were generally somewhat lower than the azimuth gains (Table 1) . Different factors could underlie these lower elevation gains. First, subjects could have adopted a strategy to undershoot in elevation as a general feature of head-motor pointing behavior.
Indeed, eye-head gaze-motor studies have demonstrated that in the vertical direction, the contribution of the eye movement to the total gaze shift is typically larger than in the horizontal direction. Thus, in normal gaze-motor control to auditory and visual stimuli, the head tends to move more in the horizontal direction, and less in the vertical direction, possibly to minimize effort against gravity (Goossens and Van Opstal 1997) . However, because similar undershoots in elevation were reported for head-fixed saccadic eye movements to sounds , for auditory target localization with a joystick (Dobreva et al. 2012) , and because we used a headfixed visual pointer to direct the head to the perceived sound location, a simple head-motor strategy is an unlikely explanation for the lower elevation gains in the present experiments.
An alternative explanation for lower elevation gains might be provided by an optimal statistical response strategy, as dictated by Bayesian inference. According to this idea, the sensorimotor response is optimized to reduce overall endpoint variability (i.e., maximize precision) and mean localization error (maximizing accuracy), by accounting for the inherent noise in the neural processing pathways, uncertainty about the stimulus environment, and by using prior (learned, expected) information about potential target locations (Kording and Wolpert 2006; Fischer and Pena 2011) . Since the spectral elevation cues are more complex than the robust binaural difference cues, and hence their processing more vulnerable to perturbation by noise, sensory uncertainty about elevation may be considered larger than for azimuth. This is corroborated by the larger variance in response elevation than in azimuth . In case that the prior estimate assumes a Gaussian distribution of potential targets around straight ahead (elevation zero), the Bayesian theory then predicts that the optimal strategy to deal with such uncertainty is to let the straight-ahead prior estimate dominate the responses. As a result, the elevation response gain will be reduced more than the azimuth gain.
Ear morphology
In contrast to an earlier study by Algazi et al. (2001) , our data showed no significant relation between concha height and the spectral notch at 0°in elevation (f 0 ). However, our data did show a significant relation at more extreme elevations (data not shown). In a simplified acoustic model of the pinna, one could assume that the location of the spectral notch at a given elevation is primarily caused by interference between sound waves that enter the ear canal directly, and the first reflection within the pinna. In such a model, the location of f 0 would be primarily attributed to the concha width (which showed no significant increase with age). In contrast, the location of the spectral notch, e.g., −40°in elevation, would be mainly affected by the height of the concha (which does increase with age, leading to a shift of f −40 toward lower frequencies). According to this simple model, when a reflective surface at distance x from a point P lengthens with x, the frequency notch at point P will shift:
with c the speed of sound. This leads to:
Increasing the reflection distance by a small amount (e.g., $ x01 mm) leads to a change in the frequency notch of:
This gives an approximation of how much the frequency notch shifts per millimeter of concha growth. Applying this simple model to the shape of the concha leads to the intuitive idea that the growing concha might pivot the elevation-dependent spectral notch (at more extreme elevations) around the relatively constant f 0 . A more sophisticated quantitative model about the specific frequencies of multiple notches and about how the concha's size and shape determine the DTFs requires further research that includes exact (3D) measurements of the concha and ear canal in relation to the DTFs.
Summary
We investigated whether sound-localization abilities of subjects of three different age groups to brief BB sound bursts could be explained by the age-related factors of high-frequency hearing loss and ear size. Previously considered, but qualitative (potentially negative) effects such as age-related immaturity (in children) or degeneration (in the older adults) of the neural processing of binaural acoustic cues do not explain the sound-localization performance of our listeners.
Younger listeners
The present study demonstrates that children from 7 to 11 years already localize BB noises in azimuth and elevation (0.5-20 kHz) as well as adults, even in a completely dark environment under open-loop conditions. However, because of their smaller ears, children require frequencies exceeding 11 kHz to localize accurately in elevation. Listeners with larger ears (especially young and older adults) require less high-frequency information (Fig. 7D, F) , provided the high-frequency cut-off in the BB noise exceeded 5 kHz (Fig. 7B) .
Older listeners
Older adults demonstrated poor localization performance in elevation due to significant high-frequency hearing loss, which was found in the majority of older adults (Fig. 2) . In contrast, sound-localization performance in azimuth was unaffected (Figs. 6 and 7A, C, E, G), which contradicts earlier results by Dobreva et al. (2011) . Possibly, this difference in results might originate from methodological differences in target pointing (a natural head-orienting response vs. instructed, more indirect, joystick pointing). Although not specifically dissociated in our experiments, our results suggest that the subcortical processing of binaural ITD and ILD acoustic cues for sound localization is not deteriorated in older adults. To what extent ITDs contribute to the sound-localization abilities of older adults requires further study that particularly targets the ITD pathway for azimuth, e.g., by presenting low-pass noise stimuli (frequencies G 1.5 kHz). as the stimulus intensity minus the hearing thresholds) of the older adults limits the useable cues to the ITDs (red line) and lower-range ILDs (blue line), while the high-frequency spectral cues (green line) are largely lost. This scheme explains the poor elevation performance, while azimuth localization remains unaffected. Ideally, larger ears could compensate for the HFHL through a considerable shift of the green line (Fig. 8) into the effective hearing range, which indeed seemed to be the case for some listeners (Fig. 7D, F) . Nonetheless, our results show that the modest shift of the spectral cues due to ear growth cannot keep up with the considerable hearing loss found in most older adults. Hence, the apparent compensation of HFHL by ear growth found in some listeners is not a general feature of the auditory system of older adults. Rather, some older adults benefit from a relatively limited HFHL, combined with considerable ear growth and their neural plasticity to cope with these changes (panel f, Fig. 7 ).
